The influence of gas velocity and bed diameter on temperature and hot spot profile in gas-solid fluidized beds is studied based on a 2D pseudo homogeneous phase model. A dimensionless number, the fluidized Prater number b f , is introduced into fluidized bed reactors to estimate the temperature gradient and hot spot profile based on various operating parameters and a quantitative relationship is established.
Introduction
Due to the great ability of heat and mass transfer, uidized beds are applied in a variety of chemical and physical heterogeneous catalytic processes, such as the ammoxidation of propylene, regeneration of coke-deposited catalyst in the FCC process, oxidation of naphthalene and polymerization of olens. [1] [2] [3] [4] [5] [6] It was traditionally thought that no hot spot would appear in a uidized bed, since the strong back mixing in it would lead to the uniform distribution of temperature. 1, 7 However, when faced with a highly exothermic reaction, signicant temperature gradients and hot spots may occur where the heat generated in a conned space is far more than that which can be transferred. These uncontrollable hot spots will destroy the catalyst, lower the conversion and selectivity and lead to risks of explosion and re. We observed that, in the case of the industrial reaction of nitrobenzene hydrogenation in a uidized bed with a bed diameter of 2.6 m and gas velocity of 0.45 m s À1 , a hot spot appeared with its largest temperature gradient over 60 C.
Hot spots in uidized beds have been observed by a variety of researchers. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Qian et al.
14 also observed the hot spot in an industrial reaction of nitrobenzene hydrogenation in uidized beds. Khajeh et al. 10 compared the temperature prole of syngas production between uidized beds and xed beds, and found that uidized beds contributed to a better mixing but still have hot spots. Rahimpour 11 and Pourazadi et al. 16 built a 1D model for methanol synthesis and hydrogenation of nitrobenzene in uidized beds and found that uidized beds had hot spots in these highly exothermic reactions. Kaneko 17 produced a simulation of hot spots in a uidized bed for polyolen with bed diameter of 0.154 m, and studied the inuence of inlet gas uniformity on hot spots. These researchers all observed the hot spots phenomenon in uidized beds, but were still in lack of indepth studies on the inuence of gas velocity and bed diameter.
Contrary to xed beds, we also observed that, in uidized beds, hot spot appears when the bed diameter is small and the gas velocity is low. By increasing the bed diameter and gas velocity in turbulent regime, the hot spot disappears. Same phenomenon have been found in uidized beds by other researchers. Rao and Reddy 12 observed this phenomenon in the combustion of rice husk in a uidized bed with bed diameter of 0.15 m. Song 15 observed this phenomenon when heated sand and cool air mixing in a uidized bed with bed diameter of 0.203 m. But these studies were in small scale uidized beds thus their results were difficult to be applied to industrial uidized beds. Wei Xiaobo 18 built a 2D model for the industrial hydrochlorination of acetylene reaction with bed diameter of 1 m and found the same phenomenon, but lacked further analysis. Artlich et al.
19 built a 2D model for coal combustion in a pilot-scale uidized bed with bed diameter of 1.6 m to study the hot spot, but they assumed that the solids dispersion coefficient was constant when changing bed diameter, which didn't match reality.
The phenomenon indicates that the effect of gas velocity and bed diameter on heat transfer is extremely important. In xed beds, a Prater number b is widely used to estimate temperature gradients and hot spots by the operating parameters. 20, 21 But in uidized beds, although researchers have paid much attention to this problem, their results are insufficient to reach a general conclusion. Behjat 22 and Yiannoulakis et al. 23 found that the higher supercial velocity had a positive effect on the heat transfer coefficient, while Scott, 24 Zhou 25 and Li et al. 13 found that increasing the gas velocity did not lead to an increase of the heat transfer coefficient. And for the effect of bed diameter, Matsen 26 found that larger units gave higher mixing rates, but there is no practicable conclusion for industrial uidized beds, since most of the experiments are in laboratory scale. With the development of computer computing power and new simulation methods, there were more CFD simulations of pilot scale and industrial scale uidized beds with bed diameters up to one meter in recent years. [27] [28] [29] [30] [31] [32] [33] However, the essential of transfer and dispersion in gas-solid uidized bed is the rate of the bubble breakage and coalescence, which is still too difficult to do highresolution CFD simulations in much larger bed diameters due to the computational limitations.
In present work, we build a 2D pseudo homogeneous phase model to study the hot spot problem in uidized beds and the effect of gas velocity and bed diameter on temperature distribution prole, and compare it with the large scale industrial data. By analogy to the Prater number b in xed beds, a dimensionless number, the uidized Prater number b f , is introduced to represent the ratio of reaction heat production rate and heat transfer rate. This uidized Prater number b f accounts for the temperature dependence of dispersion and chemical reaction in uidized beds, and shows a quantitative relationship with the temperature gradient. Finally, an operating map for industrial reaction of nitrobenzene hydrogenation is provided to estimate the possible axial temperature prole. This method, we believe, will also be useful for other highly exothermic reactions.
Model and numerical simulations
In order to reach more generalized conclusions on the temperature prole and hot spot problem in highly exothermic reactions, a typical industrial reaction of nitrobenzene hydrogenation is carefully studied. The chemical reaction for the hydrogenation of nitrobenzene is shown in equation.
34-36
There are three units of different capacities in SINOPEC Nanjing Chemical Industries Company. Their operating parameters are in Table 1. A 2D pseudo homogenous dispersion model is adopted to describe the mass and heat transfer through a uidized bed reactor. 18, 26 The governing equations are in Table 2 . The parameters and boundary conditions are in Table 3 . The chemical reaction kinetic parameters are from the experimental results published by Murthy et al. [35] [36] [37] The voidage prole data is from the experimental results published by Wang 34 and Das et al. 38 The operating parameters are based on the actual running parameters in the factory. The solutions to the reaction have been successfully incorporated with the COMSOL Multiphysics soware. The mesh is free triangular mesh and aer conrming the grid size independence, the grid number are 33 145, 47 176, 66 290, separately.
(1) The axial symmetry.
(2) The ux inlet boundary condition for the mass transfer equation.
(3) The temperature inlet boundary condition for the heat transfer equation.
(4) The outow outlet boundary condition for the mass transfer equation.
(5) The outow outlet boundary condition for the heat transfer equation.
(6) The heat ux wall condition for the heat transfer equation.
Results and discussion
Temperature prole and hot spot problem Table 2 The governing equations and compares the simulation results with industrial data. The results derived from the simulation agree well with measured temperature in industrial units. Since the temperature gradient mainly appears in the dense phase region, the height of the dense phase, H dense , is used as a reference and the vertical coordinate is z/H dense . Both of the axial and radial temperature proles are nonuniform, especially in the dense phase region. In the axial prole, temperature reaches the peak near the gas distributor, decreases rapidly with the increase of height and nally reaches a stable value in the dilute phase region. The largest axial temperature gradient reaches 70 C. A hot spot appears in the middle of the bed just above the gas distributor. As mentioned in the introduction, for highly exothermic reactions, signicant temperature gradients and hot spots also appear even in uid-ized bed reactors.
Fig. 1B also shows that with the increase of gas velocity and bed diameter, the overall temperature decreases, the maximum temperature of the hot spots decreases and the axial temperature proles tend to be more uniform.
The uidized Prater number b f
The generation of the temperature gradient and hot spot is the result of a competition between two mechanisms: reaction heat production rate and heat transfer rate. The thermal energy generation parameter b, also known as the Prater number, is widely used in xed beds to estimate temperature gradients and hot spots. The expression in xed beds is
The Prater number accounts for the temperature dependence of dispersion and chemical reaction in xed beds. Usually b ¼ 1 is taken as a critical point above which temperature gradient becomes large. But in uidized beds, there is no such dimensionless number since the transfer in uidized bed is much more complicated.
By analogy with xed beds, the uidized Prater number b f is introduced into uidized beds. The uidized Prater number b f takes both convection term and dispersion term into account. For a gas-solid catalytic reaction, the mass convection and dispersion are mainly relied on gas, since gas is the reactant. The heat convection and dispersion are related to solids, since the specic heat of solids is much larger than that of the gas. The expression for b f in uidized beds is
The uidized Prater number b f is used to estimate temperature gradients in uidized beds. When b f increases, the reaction heat rate increases faster than the heat transfer rate and the reaction heat couldn't be transferred efficiently, resulting in heat accumulation, large temperature gradient and even hot spots. When b f decreases, the heat transfer rate increases faster than the reaction heat rate and the reaction heat can be transferred efficiently, resulting in small temperature gradient. So like the Prater number b in xed beds, the uidized Prater number b f is a convenient criterion indicating large temperature gradient in uidized beds. Fig. 2 shows the temperature gradient versus b f for the previously mentioned reaction units. With the increase of b f , the temperature gradient increases, validating the role of b f .
Inuence of gas velocity and bed diameter on the uidized Prater number b f
For a specied reaction, except operating parameters, the most important parameters of b f is the dispersion coefficients of solids and gas. Fig. 3A and B, shows the dispersion coefficients of solids and gas versus gas velocity.
1,39-50 The last three data points (20 kt, 50 kt, 100 kt) are derived from the investigated simulations and are close to Du's 45 experimental results. So the simulated results are reliable in bubbling and turbulent regimes. Results from different researchers uctuate within a certain range since their experimental conditions are not the same, especially the bed diameter. However, they all have similar trends with increase of gas velocity. For the solids dispersion coefficient, it increases with gas velocity at turbulent regime, and part of the resulting data even shows a non-linear increase 45, 48, 50, 51 While, with the further increase of gas velocity from turbulent regime to fast uidization regime, the solids dispersion coefficient decreases suddenly to a very small value due to the phase separation and core-annular ow structure formed in the fast uidization regime. For the gas dispersion coefficient, it increases with gas velocity at bubbling regime, then gradually decreases in the turbulent regime and nally decreases to a very small value in the fast uidization regime. Fig. 3C and D show the solids and gas dispersion coefficients versus bed diameter. The solids and gas dispersion coefficients have an adverse relationship with the increase of bed diameter. For the solids dispersion coefficient, it increases with bed diameter which means a larger uidized bed has a higher solids mixing ability and can be described by
However, the gas dispersion coefficient decreases with bed diameter which means a larger uidized bed has a lower gas mixing ability, and can be described by
Du's 45 data of solids and gas dispersion coefficients at different gas velocities are used to calculate the b f to study the inuence of gas velocity. The relationship of solids and gas dispersion coefficients at different bed diameters, eqn (12) and (13) , are used to calculate b f to study the inuence of bed diameter. Fig. 4A shows the inuence of gas velocity on b f . With the increase of gas velocity in the bubbling and turbulent regime, b f decreases gradually, which means the temperature gradient would decrease at the same time. But with the further increase of the gas velocity from the turbulent regime to the fast uid-ization regime, b f jumps to a very large value, resulting in larger temperature gradient.
Thus, increasing gas velocity in the turbulent regime can decrease b f effectively and avoid the formation of hot spots in gas-solid uidized beds. However, in practice, there lays an upper limit for the gas velocity, for the reason that b f goes up again into the fast uidization regime. This signicantly reduces the heat transfer rate and causes the temperature increase.
The above discussion brings one important issue for real operation of highly exothermic gas-solids uidized bed reactors to light. When the reactor has a hot spot, decreased gas velocity may cause an increase in hot spot temperature in the uidized bed, instead of the expected decrease with the decrease load of reaction capacity. The reason is due to the heat transfer ability decreasing more than the mass transfer, with the decreasing gas velocity. This is a dangerous operation zone, for both real case industrial operation and reactor control. Our simulation and experimental data both show this zone exists. Fig. 4B shows the inuence of the scale of the bed diameter on b f . With the increase of bed diameter, b f decreases, but the rate of decreasing slows down gradually. Which means an increased bed diameter in gas-solid uidized beds can decrease the temperature gradient and avoid the generation of hot spot, especially at small and medium bed diameters.
The simulation results and the comparison with industrial data highlight a very important rule for a high exothermic reaction in a uidized bed reactor scale up, there exists a diameter size for a uidized bed, for both small and medium diameter, where there exists hot spot. When the reactor diameter increase to even larger, the hot spot disappears, due to the heat transfer ability increasing and the mass transfer ability decreasing. For the scale up of the uidized bed reactor, checking for the hot spot is very important, and in many cases, scale down may also have a hot spot.
A series of simulations with different gas velocities and bed diameters were conducted in order to verify the rule. The axial temperature proles at different gas velocities with a bed diameter of 2.6 m are shown in Fig. 5A . With a gas velocity to 0.86, the overall temperature decreases, the maximum temperature of the hot spots decreases and the axial temperature proles tend to be more uniform. The axial temperature proles of different bed diameters with a gas velocity of 0.7 m s À1 are shown in Fig. 5B . With a bed diameter increases from 0.3 m to 7 m and b f decreases from 0.94 to 0.75, the maximum temperature of the hot spots decreases and the axial temperature proles tend to be more uniform as well.
Operating map for industrial hydrogenation of nitrobenzene reaction
For the design and operation of a highly exothermic reaction in a uidized bed reactor, an operation map for this type of system is important. Fig. 6 shows the operating map for the industrial hydrogenation of nitrobenzene reaction. The black points and the tted curve are calculated from the mentioned simulations. The other three industrial data points are tted well with the curve.
14 Fig. 6 can be used to calculate the possible axial temperature gradient for the industrial hydrogenation of nitrobenzene reaction. This method and the uidized Prater number b f can be promoted to other similar reactions.
Conclusions
In this investigation, a 2D pseudo homogeneous phase model was built to simulate the highly exothermic hydrogenation of nitrobenzene reaction in gas-solid uidized reactors and then compared with the industrial temperature proles. Simulation results and industrial data showed that for highly exothermic reactions, there could be hot spots even in uidized beds, resulting in the deterioration of the catalyst, low conversion of the reactant, low yield of the desirable product and even security risks.
Furthermore, the uidized Prater number b f is introduced for theoretical analysis and the quantitative calculation of the temperature gradient. It is a criteria on comparing reaction heat production rate and heat transfer rate.
The cause of the hot spot and the effect of gas velocity and bed diameter have been analysed via b f . Contrary to xed beds, in uidized beds, with low gas velocity, there tends to be a large temperature gradient and hot spot. While with the increase of gas velocity in turbulent regime, b f decreases, the overall temperature decreases, the hot spot gradually disappears and the temperature prole tends to be more uniform. Therefore, the conventional idea to copy the operation from a xed bed reactor to a uidized bed reactor when the hot spot appears, which would be to decrease the gas velocity in order to decrease load, is incorrect and even dangerous. But the gas velocity cannot be too high into fast uidization regime, in case that b f increases again and the temperature increases at the same time.
For the bed diameter, with small diameter, there tends to be a large temperature gradient and hot spot. While with the increase of bed diameter, b f decreases, the hot spot gradually disappears and the temperature prole tends to be more uniform. In addition, it is much easier to design a uidized bed with large bed diameter to be operated in high gas velocity in turbulent regime, which is more effective to eliminate the hot spot problem.
An operating map for the industrial hydrogenation of nitrobenzene reaction is provided to estimate the possible axial temperature gradient by operating parameters, and this method can be utilized for other similar reactions. 
